With 8-'C-styrene oxide as substrate, specific glutathione S-transferase and epoxide hydrase activities were determined in subcellular fractions of liver, lungs, kidney, and intestinal mucosa from rabbit, rat, and guinea pig. Liver had the highest enzyme activities in each species. Rat and guinea pig had higher glutathione S-transferase activity in both liver and kidney than rabbit. Rat testis also had appreciable glutathione S-trans. ferase activity.
Introduction
The cytochrome P-450-dependent mixedfunction oxidase system found in the microsomal fraction of hepatic and, to a lesser extent, other tissues, is able to metabolize a wide variety of endogenous and exogenous substrates. Of particular importance is its ability to oxidize olefins and aromatic hydrocarbons to epoxides and arene oxides, respectively (1, 2) . These metabolites are chemically reactive and, in fact, are covalently bound to cellular macromolecules (3, 4) . The binding of arene oxides derived from polycyclic hydro-carbons to DNA appears to be a critical biochemical event in carcinogenesis and mutagenesis (5-7).
Styrene oxide, which is thought to be the initial oxidative metabolite of styrene, is more toxic than styrene in the rat (8) ; it has been shown to be carcinogenic in mouse skin (9) and is also mutagenic (10) . It is, therefore, a useful model compound for study of the detoxifying systems which remove the highly electrophilic epoxides from body tissues. Epoxides are metabolized principally by two enzymatic systems. Microsomal expoxide hydrase (11) catalyzes the addition of water to the expoxide ring to form a diol. Glutathione S-transferases, a group of soluble enzymes (12) , convert epoxides to glutathione conju- October 1976 gates which are the precursors of urinary mercapturic acids (13) . Styrene oxide is a substrate for both enzymes and is converted by epoxide hydrase to styrene glycol and by glutathione S-transferase to S-(1-phenyl-2 hydroxyethyl) glutathione (Fig. 1 i S-CYS-GLY OjCH-CH20H 6 . NH2
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Tissue Distribution of Epoxide-Metabolizing Enzymes 14C-Styrene oxide was used to determine the tissue distribution of both glutathione S-transferase and epoxide hydrase in the guinea pig and rabbit (14) . Table 1 shows the data for glutathione S-transferase activity. In all tissues the guinea pig showed much higher specific activities than the rabbit. Activity in guinea pig skin was not determined. In both species, liver and kidney extracts showed the highest specific activities. Table 2 shows the results for the analysis of epoxide hydrase activity in tissues of both species. Except for kidney, guinea pigs show higher activity in each tissue studied. Again, both species showed highest activity in the liver with the intestinal mucosa next. Similar studies have been carried out comparing the distribution of these two enzyme systems in the tissues of male and female adult rats. Epoxide hydrase does not show any statistically significant sex difference in activity in any tissue except lung. In tissues common to both sexes, highest activity was found in the liver and lowest activity in the intestinal mucosa (Table 4) .
Two points of interest arise from the data in Tables 3 and 4 . First, both male and female rats have relatively low activities of both epoxide-metabolizing systems in the lung. This limits the ability of the lung to detoxify epoxides, and, consequently, it may be an important factor in the formation of pulmonary tumors after the administration of certain polycyclic hydrocarbons.
The second point concerns the relatively high glutathione S-transferase and epoxide hydrase activities in testes. The presence of large amounts of epoxide-detoxifying enzymes in reproductive tissue may well be an important defense mechanism against chemical mutagens.
Perinatal Development of Epoxide-Metabolozing Enzymes
The ability of neonatal tissues to detoxify epoxides and other reactive toxicants is a topic of considerable importance. Animals before and shortly after birth are often deficient in drugmetabolizing enzymes (15) . The development of the enzyme systems which are responsible for xenobiotic transformation is a major concern in our laboratories since neonates may be especially sensitive to chemical toxicity.
We have examined the development of microsomal expoxide hydrase and cytosolic glutathione S-transferase (with styrene oxide as substrate) in hepatic and extrahepatic tissues of both the rabbit and guinea pig (15, 16) . Agerelated alterations in rabbit pulmonary glutathione S-transferase activity toward styrene xodie (labeled epoxide transferase) and 1,2-dichloro-4-nitrobenzene (labeled aryl transferase) are shown in Figure 2 . At the earliest time point at which sufficient tissue was available for assay, specific activities were already greater than 50% adult levels. The apparent decrease in specific activity near birth appeared to be due to the synthesis of cytosolic protein which did not have glutathione S-transferase activity since there was no concomitant decrease in whole tissue activity. In contrast, the development of transferase activity occurred substantially more slowly in liver (Fig.  3) . In hepatic tissue, activity was very low until after birth, and at 30 days of age liver specific activity was still only about 50% adult levels (with styrene oxide as substrate). These data are representative of those observed in the various organs with both glutathione Stransferase and epoxide hydrase. Thus, the rates at which adult activities are reached in (Tables 3 and 4) , we cecided to compare the development of these two styrene oxide detoxifying systems in this germinal tissue to that of liver (G. L. Foureman, I. P. Lee, and J. R. Bend, unpublished data). At the earliest time point at which sufficient testis could be obtained for assay (7 days, Table 5 ), appreciable glutathione S-transferase activity (> 50 nmole/min-mg protein) was observed. The time course of the specific transferase activity showed an apparent decline from 20 to 45 days after birth and then a steady increase up to about 200 days. However, a steady increase in total enzyme activity was observed with age up to about 50 days of age, at which time near-adult levels were reached (Table 5) .
Similar studies with microsomal epoxide hydrase (Table 6 ) demonstrated that testis had low activity until about 30 days postpartum. Thereafter, activity increased rapidly until adult levels were reached by 45-50 days of age. The slower development of epoxide hydrase activity in testis could potentially be important, for example, if an immature animal were exposed to a toxic epoxide that was a good substrate for epoxide hydrase but a poor substrate for the glutathione S-transferases. Such compounds are known. Thus, the carcinogen cholesterol-5a,6a-epoxide is hydrated by microsomal epoxide hydrase (17, 18) but is not a substrate for the glutathione transferases (A. J. Ryan, Z. Ben-Zvi, and J. R. Bend, unpublished observations). e Animals considered adult at this point. The stimulation of xenobiotic metabolism by pretreatment of animals with a large number of chemical compounds is a well documented phenomenon (19) . Both hepatic epoxide hydrase (20) and glutathione S-transferase activity (21) are induced in the rat in response to phenobarbital administration. We have studied the effects of administering phenobarbital (PB), 1,2,3,4-dibenzanthracene (DBA), pregnenolone-16a-carbonitrile (PCN), and 2,3, 7,8-tetrachlorodibenzo-p-dioxin (TCDD), compounds which are known to induce the microsomal mixed-function oxidase system in rats, on hepatic and extrahepatic (lung, kidney, small intestinal mucosa, and testis) epoxide hydrase and glutathione S-transferase activities in male and female rats. Styrene oxide was used as the epoxide substrate. The xenobiotic pretreatments had almost no effect on epoxidemetabolizing enzyme activities in the extrahepatic tissues, except that epoxide hydrase activity was increased in small intestine of both male and female rats following phenobarbital treatment and renal epoxide hydrase doubled in female rats, but not in male rats, following TCDD administration. a Phenobarbital and dibenzanthracene were given at 80 mg/kg for 3 days; pregnenolone-16a-carbonitrile was given at 20 mg/kg for 2 days; 2,3,6,7-tetrachlorodibenzo-p-dioxin was given once at 10 ,g/kg. All compounds were given by IP injection. Enzyme fractions were prepared 24 hr after the last dose, except with TCDD, where males were sacrificed 6 days after TCDD administration and females 10 days after treatment. The hepatic enzyme activities from female and male rats treated with the various xenobiotics are outlined in Tables 7-11 . DBA failed to increase glutathione S-transferase activity, but significant increases in specific activity were observed with PB, PCN, and TCDD in females (Table 7) . In male rats (Table 8) , PB and TCDD also increased transferase activity toward styrene oxide, but PCN and DBA did not increase enzyme activity. In the case of PCN, this parallels its activity as an inducer of microsomal mixed-function oxidase activity in female, but does not in male, rats (19) .
There is some variability in the induction of glutathione transferase in male rat liver by PB. Table 9 shows the extent of induction in three groups of rats treated under identical conditions. In each experiment statistically significant increases in the specific activity of the enzyme were obtained. The relative increases, however, varied markedly between experiments. Currently, we have no explanation for this behavior.
Of the various compounds tested, only PB caused substantial induction of hepatic microsomal epoxide hydrase in female rats (Table  10) . PCN and TCDD tended to increase specific activity, but the effect was not statistically significant for TCDD. Male rats (Table 11) gave results essentially identical to those obtained with females.
The data obtained allow a few conclusions to be drawn. Thus, PB pretreatment increased both epoxide metabolizing enzymes in both sexes, whereas the polycyclic aromatic hydrocarbon tested (DBA) did not affect either enzyme. It was especially interesting that TCDD 347.6 ± 10.5(3) 60 C 186.9 ±15.5 (4) 234.4 ±20.0(4) 30 a Rats were treated (IP) with 80 mg/kg Na phenobarbital in saline once daily for 3 consecutive days. Animals were sacrificed 24 hr after the last injection.
b Mean + SD (N). a Phenobarbital and dibenzanthracene were given at 80 mg/kg for 3 days; pregn'enolone-16a-carbonitrile was given at 20 mg/kg for 2 days; 2,3,6,7-tetrachlorodibenzo-p-dioxin was given once at 10Ag/kg, All compounds were given by IP injection. Enzyme fractions were prepared 24 hr after the last dose, except with TCDD, where males were sacrificed 6 days after TCDD administration and females 10 days after treatment. Pregnenolone-16a-carbonitrile 4.78 ± 0.43 5.29 ± 0.25 TCDD 6.14 ± 2.00 6.85 ± 0.99 a Phenobarbital and dibenzanthracene were given at 80 mg/kg for 3 days; pregnenolone-16a-carbonitrile was given at 20 mg/kg for 2 days; 2,3,6,7-tetrachlorodibenzo-p-dioxin was given once at lOpg/kg, All compounds were given by IP injection. Enzyme fractions were prepared 24 hr after the last dose, except with TCDD, where males were sacrificed 6 days after TCDD administration and females 10 days after treatment. induced the transferase in both males and females without appreciably affecting the epoxide hydrase in males, although there was an apparent increase in females. The role that induction of epoxide biotransformation pathways plays in toxication-detoxication mechanisms for epoxide precursors is obviously a matter of speculation, especially since the rate at which these oxirane metabolites are formed from the hydrocarbons is also influenced by these same inducing agents. However, it is a problem that should be clarified, at least with a few substrates.
Metabolism of Styrene Oxide in Isolated Perfused Organs
The question of the relative importance of epoxide hydrase and glutathione S-transferases in the metabolism of epoxides is difficult to answer from in vitro studies. The enzymes have different subcellular locations. Epoxide hydrase is bound to the endoplasmic reticulum and the glutathione S-transferases are soluble components in the cytoplasm. It requires the use of preparations with intact cellular structure to evaluate the two pathways for epoxide or arene oxide metabolism. For these reasons the metabolism of 8-14C-styrene oxide was studied in isolated organs. Two organs have been used, the isolated perfused rat liver and the isolated perfused rabbit lung. The rat liver preparation is particularly advantageous since glutathione conjugates are preferentially excreted in the bile and are automatically separated from other metabolites in the circulating perfusate. 30 and 40% of the radioactivity was excreted by this pathway in 90 min. The remainder of the radioactivity was found mainly in the perfusate. Examination of the bile by TLC (Fig. 4) the precursor for the cysteinylglycine derivative ( Fig. 1) , and the enzyme y-glutamyltranspeptidase catalyzes the conversion. As in the liver, no evidence for covalent binding of the radioactivity associated with styrene oxide to lung protein was found under these conditions. It is clear that in the two organs most likely to be concerned with styrene oxide metabolism, the liver and lung, both glutathione S-transferases and epoxide hydrase play a major role. Studies in these organs with other epoxides and arene oxides can be expected to provide useful insights into the qualitative and quantitative aspects of their metabolism by these two systems and how this alters epoxide toxicity.
Concluding Remarks
Epoxide-mediated target organ toxicity is likely to be dependent on many factors. These include the site and rate of absorption into the body; the relative rates of hepatic and extrahepatic microsomal mixed-function oxidase catalyzed epoxide formation from precursors; the stability of the epoxide in the blood and the rate of blood supply to the target organ; the rate of uptake of the epoxide from the circulation by tissues; and the relative abilities of tissues to detoxify electrophilic epoxides after entry into the cell. The present paper has attempted to summarize the work of this laboratory in this last area, the assessment of the ability of hepatic and extrahepatic tissues to detoxify epoxides.
